Due to the wide use of copper-based catalysts in industrial chemical processes, fundamental understanding of the interactions between copper surfaces and various reaction intermediates is highly desired. Here, we performed periodic, self-consistent density functional theory (DFT-GGA) calculations to study the adsorption of five atomic species (H, C, N, O, and S), seven molecular species (NH 3 , CH 4 , N 2 , CO, HCN, NO, and HCOOH), and 13 molecular fragments (CH, CH 2 , CH 3 , NH, NH 2 , OH, CN, COH, HCO, COOH, HCOO, NOH, and HNO) on the Cu(111) surface at a coverage of 0.25 monolayer. The preferred binding site, binding energy, and the corresponding surface deformation energy of each species were determined, as well as the estimated diffusion barrier and diffusion pathway. The binding strengths calculated using the PW91 functional decreased in the following order: CH > C > O > S > CN > NH > N > CH 2 > OH > HCOO > COH > H > NH 2 > NOH > COOH > HNO > HCO > CH 3 > NO > CO > NH 3 > HCOOH. No stable binding structures were observed for N 2 , HCN, and CH 4 . The adsorbate-surface and intramolecular vibrational modes of all the adsorbates at their preferred binding sites were deternined. Using the calculated adsorption energetics, potential energy surfaces were constructed for the direct decomposition of CO, CO 2 , NO, N 2 , NH 3 , and CH 4 and the hydrogen-assisted decomposition of CO, CO 2 , and NO.
Introduction
Copper is among the most widely used transition-metal catalysts in heterogeneously catalyzed processes. Relatively high abundance, leading to a low material cost, makes Cu a desirable choice for industrial applications. The mild interaction strengths between Cu and many atomic and molecular species also enable desirable catalytic behaviors, as an optimal catalyst needs to bind the reactive intermediates neither too strongly nor too weakly, according to the Sabatier Principle [1] . Extensive research has been conducted in the application of Cu for many catalytic reactions, such as methanol synthesis [2] [3] [4] [5] [6] , water-gas shift [7] [8] [9] [10] , CO oxidation [10] [11] [12] [13] , formic acid decomposition [14] [15] [16] [17] , steam reforming of methanol [18] [19] [20] , and NO reduction [21, 22] . Interested readers are referred to some excellent review articles [14, 18, 21] . Understanding the interactions between copper surfaces and various reaction intermediates informs both catalytic reaction mechanisms and efforts to systematically improve catalytic performance.
Atomic species, such as H, C, N, O, and S, are ubiquitously present in catalytic reactions. Their adsorption behavior on Cu(111), the most stable of all Cu facets, is therefore of high relevance in surface reactivity and has been extensively studied in the literature. Experimental characterization of atomic H adsorption on Cu(111) has been performed using low-energy electron diffraction (LEED) [23, 24] , high-resolution electron energy loss spectroscopy (HREELS) [23, 25] , infrared reflection absorption spectroscopy (IRAS) [23, 26] , helium atom scattering (HAS) [27] , temperature-programmed desorption (TPD) [28] , thermal desorption spectroscopy (TDS) [24, 29] , etc. There have also been density functional theory (DFT) studies of the H/ Cu(111) system [30, 31] . Photoelectron diffraction (PhD) [32] , LEED [33] [34] [35] , and scanning tunneling microscopy (STM) [34, 35] studies have been performed for the adsorption of nitrogen. Oxygen adsorption on Cu(111) has been investigated using techniques such as microcalorimetry [36, 37] , HREELS [38, 39] , LEED [40] [41] [42] [43] , STM [40, 44] , Auger electron spectroscopy (AES) [41, 44] , and theoretical studies [45, 46] . Characterizations such as X-ray photoelectron spectroscopy (XPS) [47] , near edge X-ray absorption fine structure (NEXAFS) [48] , STM [49] , and DFT [50] have been performed for sulfur adsorption on Cu(111).
The adsorption of diatomic species, such as CO and NO, on Cu(111) are also of high research interest. Not only are these species common probe molecules in surface science studies, but they are also essential reactants and intermediates in many Cu-catalyzed processes (e.g. methanol synthesis, water-gas shift, NO reduction). An extensive body of experimental work has been conducted on the adsorption behavior of CO over Cu(111), including angle-resolved photoemission extended fine structure (ARPEFS) [51] , IRAS [52] [53] [54] , LEED [52, [55] [56] [57] [58] [59] , AES [58] , TDS [57] , and EELS [52, 58] . Extensive theoretical studies, particularly DFT calculations, have also been conducted on CO adsorption [60] [61] [62] . The adsorption of NO has also been widely investigated on Cu(111) using techniques such as XPS [63, 64] , TPD [63, 65] , EELS [66] , AES [67] , LEED [65, 67] , TDS [68] , PhD [68] , and theoretical methods [69] [70] [71] [72] .
Despite the presence of large amounts of experimental and theoretical work regarding atomic and molecular adsorption on Cu(111), a database type of resource is lacking, where one could easily obtain and compare information regarding the adsorption of multiple species. Particularly, computational studies are often conducted using different methods, computational parameters, or surface models, which makes it difficult to compare results from different sources. Here, we present a systematic, DFT-based study of atomic and molecular adsorption over Cu(111). The study is structured similarly to our previous work conducted on Rh(111) [73] , Ir(111) [74] , Pt(111) [75] , Pd(111) [76] , Ru(0001) [77] , Re(0001) [78] , and Au(111) [79] . Periodic, self-consistent DFT calculations were performed to characterize the adsorption behavior, diffusion barriers, and vibrational features of a total of 25 atomic or molecular species commonly involved in Cu-catalyzed reactions. Our results can serve as a database which can be utilized as a benchmark in future experimental or theoretical studies on Cu catalysts. Specifically, these results can be used for comparison with state-of-the-art single crystal adsorption microcalorimetry data [80, 81] and can become valuable contributions to the rapidly emerging online material databases [82] . Using our calculated binding energy values, we also constructed potential energy surfaces for the thermochemistry of several surface reactions. These potential energy surfaces offer valuable insights into the activation processes of industrially relevant species, such as NH 3 , CH 4 , N 2 , CO, CO 2 , and NO, on Cu catalysts.
Methods
All DFT calculations were performed using DACAPO, a plane wave, total energy code [83, 84] . The Cu(111) surface was modeled using a four-layer slab periodically repeated in a supercell geometry. The slab consisted of a (2 × 2) unit cell, which corresponds to a surface coverage of 0.25 monolayer (ML) if a single adsorbate is present in each unit cell. In the vertical direction along the surface normal, any two successive slabs were separated by five equivalent atomic layers of vacuum (~ 11 Å). Adsorption was allowed on only one side of the two exposed surfaces of each slab, and the electrostatic potential was adjusted accordingly [85, 86] . The top two layers of the metal atoms, as well as all the adsorbate atoms, were fully relaxed, while the bottom two layers of the slab were fixed at their truncated lattice positions. The first Brillouin zone was sampled at 54 special Chadi-Cohen k points [87] . The Kohn-Sham one-electron valance states were expanded in a plane wave basis set with kinetic energies below 25 Ry [83] , and the ionic cores were described using ultrasoft pseudopotentials [88] . The exchange-correlation energy was described using the self-consistent GGA-PW91 functional [89] . Energies obtained using the non-self-consistent RPBE functional [83] are also reported in parentheses along with any PW91 values. The self-consistent electron densities were determined by iterative diagonalization of the Kohn-Sham Hamiltonian, Fermi-population of the Kohn-Sham states (k B T = 0.1 eV), and Pulay mixing of the resulting electron densities [90] . All total energies were extrapolated to k B T = 0 eV [83] . Spin-polarized calculations were performed to obtain the gas-phase energies of all the molecular fragments with unpaired electron(s), and the appropriate spin states were confirmed. The adsorption calculations of these molecular fragments were also tested for spin polarization. The adsorption strengths were found to be strong enough so that the residue magnetic moments on the adsorbate atoms were negligible and did not affect the total energies. Therefore, the energies of all the adsorbate-surface systems were obtained using spin-restricted calculations. The calculated lattice constant for Cu using the PW91 functional is 3.660 Å, in close agreement with the experimental value of 3.615 Å [91] . All calculation parameters were carefully checked to ensure convergence of energetics within 0.05 eV.
The binding energies (E b ) were calculated using Eq. (1): where E total is the total energy of the entire adsorbate-slab system, E substrate is the total energy of the clean Cu(111) slab by itself, and E gas-phase adsorbate is the total energy of the isolated adsorbate in the gas phase. Based on this definition, exothermic adsorption is indicated by a negative E b value;
(1) E b = E total − E substrate − E gas-phase adsorbate i.e., a more negative E b value is associated with stronger binding strength.
The deformation energies (ΔE) were defined using Eq. (2): where E total, adsorbate removed is the total energy of the clean slab in which all the atoms are fixed at their corresponding positions after adsorption. This quantity is generally positive and indicates the energy required for the surface deformation in order to accommodate the binding of the adsorbate. The electronic contribution to the adsorbate-surface interaction can thus be estimated by subtracting ΔE from E b .
The harmonic vibrational frequencies were calculated by diagonalizing the mass-weighted Hessian matrix, and the second derivatives of the total energy were evaluated using a finite difference approach [92] . The diffusion barrier of an adsorbate was estimated by first constructing a probable diffusion path between two adjacent energy minima on the potential energy surface (PES) through a metastable state and then calculating the energy difference between the most stable and the respective metastable state.
Results
Here, we report and discuss our calculation results for the adsorption of atomic and molecular species on Cu(111). We describe the binding energies, site preferences (Tables 1, 2) , adsorption geometries ( Fig. 1; Table 3 ), estimated diffusion barriers (Table 4) , surface deformation energies (Table 5) , and vibrational modes (Tables 6, 7, 8) of each adsorbate species. In addition, we present the thermochemical potential energy surfaces for some simple decomposition and hydrogenation reactions.
(2) ΔE = E total, adsorbate removed − E substrate
Adsorption of Atomic Species

Hydrogen (H)
As shown in Table 1 , hydrogen is the least strongly bound atomic species on Cu(111) among those studied. Hydrogen binds the strongest on an fcc (illustrated in Fig. 1 [23, 25] . The estimated diffusion barrier from an fcc site to an adjacent hcp site (through the bridge site in between) is 0.15 (0.13) eV ( Table 4 ). The adsorption of hydrogen on Cu(111) causes negligible surface deformation; the hydrogen adsorbate pulls the adjacent surface Cu atoms up by 0.007 Å (Table 3 ) with a deformation energy of only 0.01 (0.01) eV (Table 5 ).
Carbon (C)
Carbon binds on an fcc or hcp site with a binding energy of − 4.46 (− 3.96) eV or − 4.41 (− 3.92) eV, respectively ( Table 1 ). The optimal binding structure (fcc) is illustrated in Fig. 1 . The calculated C-surface distance is 1.046 Å (Table 3) , and the Cu-C vibrational frequency is 515 cm −1 (Table 6 ). Carbon can diffuse from an fcc site to the adjacent hcp site by passing through a bridge site with an estimated activation barrier of 0.20 (0.18) eV. The adsorption of carbon is associated with a deformation energy of 0.04 (0.04) eV (Table 5 ). This deformation energy is mainly due to an [27] ; HREELS [25] d Estimation from molecular spectra [93, 94] e LEED [38] f O 2 , microcalorimetry [37] g O 2 , microcalorimetry [36] increase of 0.091 Å in the neighboring distance between the adjacent surface Cu atoms (Table 3) .
Nitrogen (N)
Nitrogen prefers to bind to an fcc site with a binding energy of − 3.32 (− 2.87) eV (Table 1 ; Fig. 1 ) and an N-surface distance of 1.031 Å (Table 3) . It binds slightly weaker on an hcp site with a binding energy of − 3.21 (− 2.77) eV. The calculated adsorbate-surface vibrational frequency is 481 cm −1 ( Table 6 ). The lowest-barrier diffusion path for an nitrogen atom is fcc → bridge → hcp, and the diffusion process is associated with an estimated activation barrier of 0.66 (0.60) eV (Table 4 ). The diffusion barrier of nitrogen is the highest among all the atomic species we studied, which indicates its relatively low mobility on Cu(111). Nitrogen adsorption on Cu(111) causes surface deformation by pulling adjacent surface Cu atoms up by 0.018 Å and drawing them apart by 0.097 Å (Table 3) , which leads to a deformation energy of 0.06 (0.05) eV (Table 5 ).
Oxygen (O)
The optimal binding site for atomic oxygen on Cu (111) is the fcc site [− 4.31 (− 3.71) eV, Table 1 ; Fig. 1 ]. The predicted site preference agrees well with LEED results by Dubois [38] , and the calculated PW91 binding energy value is in reasonable agreement with the experimental microcalorimetry values of − 4.46 [37] and − 4.60 eV [36] . The calculated O-surface distance is 1.114 Å (Table 3) . Atomic oxygen binds slightly weaker on an hcp site with a binding energy of − 4.19 (− 3.61) eV. The calculated Cu-O vibrational frequency is 449 cm −1 (Table 6) ; this is a slight overestimate compared with the experimental value of 370-390 cm −1 obtained by HREELS [39] . Oxygen diffuses from its most stable fcc site through a bridge site to the adjacent hcp site with an estimated diffusion barrier of 0.55 (0.46) eV (Table 4) . Oxygen adsorption on Cu(111) is associated with the largest deformation energy [0.09 (0.11) eV, Table 5 ] among all the atomic adsorbates studied. The adsorption leads to positive vertical displacement of adjacent Table 2 Binding energies [PW91 (RPBE)] and site preferences of molecules and molecular fragments on Cu (111) a The binding energy of the most stable site (according to the PW91 binding energies) for each species is shown boldfaced b TDS [95] c IRAS [52] d LEED [53] e LEED [96] f HREELS [68] g TPD [97] Adsorbate surface Cu atoms by 0.017 Å and increases of their pairwise distances by 0.099 Å.
Sulfur (S)
Similar to all the other atomic species we studied, sulfur binds on either an fcc or hcp site of Cu(111). The binding energies are − 4.30 (− 3.83) and − 4.24 (− 3.78) eV on the fcc and hcp sites, respectively (Table 1) . Its preferred fcc binding structure is illustrated in Fig. 1 , with an S-surface distance of 1.620 Å (Table 3) . Upon its adsorption, the adsorbate-surface vibrational frequency is calculated to be 330 cm −1 ( Table 6 ). The estimated diffusion barrier for sulfur between an adjacent pair of fcc and hcp sites (passing through the bridge site in between) is 0.31 (0.27) eV (Table 4 ). As shown in Table 5 , the adsorption of sulfur is associated with a surface deformation energy of 0.04 (0.04) eV, with the detailed geometric information summarized in Table 3 .
Adsorption of Molecules and Molecular Fragments
In this section, we discuss the adsorption of molecules and molecular fragments on Cu(111). We did not observe any stable adsorption structures for dinitrogen (N 2 ), hydrogen cyanide (HCN), and methane (CH 4 ). Therefore, we exclude them from the subsequent discussion. All of these three species are closed-shell molecules and are expected to be weakly physisorbed on the surface. We note here that we did not include any corrections for dispersive interactions, which could potentially stabilize the binding of these species. 
Ammonia (NH 3 )
The only stable binding site we identified through our calculations for NH 3 is the top site; NH 3 binds weakly with a binding energy of − 0.37 (− 0.06) eV ( Fig. 1 ; Table 2 ). The calculated PW91 binding energy is in close agreement with the estimate based on TDS measurements (− 0.35 eV) by Hertel et al. [95] . The NH 3 molecule is adsorbed at a distance of 2.381 Å above the Cu(111) surface, with an N-H bond length of 1.026 Å (Table 3) . We calculated the N-H stretching vibrational frequencies: the symmetric N-H stretching mode is at 3387 cm −1 , and there exist two degenerate asymmetric N-H stretching modes at 3548 cm −1
( Table 8 ). The estimated diffusion barrier for NH 3 is 0.24 (0.16) eV; during the diffusion process, the molecule first moves from its preferred top site to an adjacent metastable bridge site and then migrates to the adjacent top site ( Table 4 ). The adsorption of an NH 3 molecule pushes the adjacent surface Cu atom downwards by 0.074 Å (Table 3) , which is associated with a deformation energy of 0.05 (0.06) eV (Table 5 ).
Carbon Monoxide (CO)
We identified stable binding structures for CO on all four high symmetry sites of Cu(111), and the binding strength decreases in the order of fcc > hcp > bridge > top (Table 2 ). In its optimal adsorption structure, CO binds to an fcc site with a binding energy of − 0.91 (− 0.44) eV (Fig. 1) ; the molecule lies 1.419 Å above the surface, and the C-O bond length is 1.188 Å ( Table 3 . In all the adsorption structures, the CO molecule binds to the copper surface through the carbon atom. Our result, which suggests the preferential binding CO to the fcc site, does not match the experimental results which predict either top [52] (at coverage below 0.44 ML) or bridge [53] site (at higher coverage) as the optimal CO binding site. It is a well-known issue that standard DFT calculations fail to predict the correct binding site of CO, e.g. on Pt [98] or Cu [62] . This discrepancy can be addressed by employing suitable corrections, which is however beyond the scope of this study. The calculated intramolecular and adsorbate-surface stretching frequencies at the preferred fcc site are 1917 and 258 cm −1 , respectively (Table 7) . CO diffuses on Cu(111) from an fcc site to the adjacent hcp site through the bridge site in between with a low estimated energy barrier of 0.08 (0.05) eV (Table 4) . Upon the adsorption of a CO molecule, the adjacent Cu atoms are pulled up by 0.011 Å (Table 3) , which leads to a mild deformation energy of 0.03 (0.04) eV (Table 5) .
Nitric Oxide (NO)
Nitric oxide binds on either an fcc or hcp site with a binding energy of − 1.06 (− 0.50) or − 1.01 (− 0.45) eV, respectively ( Table 2 ). The preferred binding site of NO is still under debate in the experimental literature. Our calculation results agree with the LEED studies by Dumas et al. [96] and Sueyushi et al. [65] which predicted three-fold hollow sites. However, using HREELS, So et al. reported that NO binds to bridge sites [68] . When NO is adsorbed on its preferred fcc site (Fig. 1) , it sits 1.324 Å above the surface, and the N-O bond length is 1.221 Å ( Table 3) . The calculated N-O and Cu-NO stretching frequencies are 1569 and 278 cm −1 , respectively ( Table 7 ). The N-O stretching frequency agrees well with the experimental value of 1525 cm −1 [96] . The lowest-barrier diffusion path for NO is fcc → bridge → hcp, and the diffusion barrier is estimated to be 0.14 (0.20) eV (Table 4 ). The adsorption of NO pulls the adjacent surface Cu atoms upwards by 0.010 Å as well as draws them apart by 0.054 Å (Table 3) ; both deformations lead to an energy cost of 0.04 (0.06) eV (Table 5 ).
Formic Acid (HCOOH)
Formic acid binds on Cu(111) over a top site through the oxygen atom (Fig. 1) , with a binding energy of − 0.26 (0.15) eV ( Table 2 ). The PW91 binding energy is an underestimate as compared with the experimental value of − 0.55 eV estimated from TPD measurements [97] . Due to the closed-shell nature of the HCOOH molecule, the calculated adsorbatesurface interaction is rather weak. Therefore, the discrepancy between the theoretical and experimental binding energies is likely caused by the absence of corrections for dispersive interactions in our DFT methodology. The molecule sits 2.479 Å above the surface, and the intramolecular bond lengths are 1.231 Å (C-O), 1.325 Å (C-OH), 1.006 Å (O-H), and 1.105 Å (C-H) ( Table 3) . Upon its adsorption, the HCOOH molecule pushes the adjacent Cu atoms 
Calculated frequency (cm downwards by 0.061 Å (Table 3) , which is associated with a deformation energy of 0.02 (0.03) eV (Table 5 ).
Methylidyne (CH), Methylene (CH 2 ) and Methyl (CH 3 )
All the CH x species prefer to bind to the three-fold hollow sites; both CH and CH 2 bind the strongest on the fcc site while CH 3 binds the strongest on the hcp site (Fig. 1) (Table 3) . We calculated the surface vibrational modes for each CH x species. The intramolecular and adsorbate-surface stretching frequencies of CH are 3080 and 550 cm −1 , respectively ( Table 7) . The calculated surface vibrational modes of CH 2 and CH 3 are summarized in Table 4 ). The adsorption events of CH, CH 2 , and CH 3 on Cu(111) are associated with similar deformation energies of 0.04 (0.03) eV, 0.05 (0.06) eV and 0.04 (0.05) eV, respectively (Table 5) , due to the vertical and horizontal displacements of the adjacent surface Cu atoms upon adsorption, as summarized in Table 3 .
Imide (NH) and Amide (NH 2 )
NH binds on Cu(111) over either the fcc or hcp site with a binding energy of − 3.39 (− 2.77) or − 3.27 (− 2.67) eV, respectively. NH 2 prefers to bind to the bridge site with a binding energy of − 2.19 (− 1.68) eV ( Fig. 1; Table 2 ). In each of their optimal adsorption structures, NH sits 1.115 Å above the surface, and the N-H bond length is 1.025 Å; NH 2 lies 1.521 Å above the surface, and the N-H bond distance is 1.024 Å ( Table 3 ). The calculated N-H and Cu-NH vibrational modes of NH are at 3496 and 503 cm −1 , respectively (Table 7) ; the calculated symmetric and asymmetric N-H stretching frequencies of NH 2 are 3450 and 3552 cm −1 , respectively ( Table 8 ). The calculated diffusion behaviors of NH and NH 2 are summarized in Table 4 . On its preferred diffusion path, NH moves from its most stable fcc site to the adjacent hcp site through the bridge site in between, which is associated with an estimated energy barrier of 0.60 (0.51) eV. NH 2 prefers to diffuse between two adjacent bridge sites through the top site between them, with an estimated diffusion barrier of 0.57 (0.48) eV. Upon adsorption, NH and NH 2 create larger vertical distortion to the Cu(111) surface (0.111 and 0.130 Å, respectively) than their CH x counterparts (Table 3) . Therefore, the adsorption events of NH and NH 2 are associated with larger surface deformation energies [0.10 (0.12) and 0.15 (0.15) eV, respectively) ( Table 5 ).
Hydroxyl (OH)
A hydroxyl molecular fragment can bind to both the fcc and hcp site of Cu(111), with the fcc site slightly more favorable [− 2.81 (− 2.22) eV over an fcc site and − 2.78 (− 2.20) eV over an hcp site] ( Fig. 1; Table 2 ). Upon its adsorption over the preferred fcc site, OH sits 1.365 Å above the surface, and the intramolecular O-H distance is 0.980 Å ( Table 3 ). The calculated O-H and Cu-OH stretching frequencies are 3804 and 319 cm −1 , respectively ( Table 7) . The lowest-barrier diffusion path for OH on Cu(111) is fcc → bridge → hcp, and the estimated diffusion barrier is 0.17 (0.13) eV (Table 4 ). The adsorption of OH results in 
Cyanide (CN)
The optimal binding site for CN on Cu(111) is the fcc site with a binding energy of − 3.44 (− 3.02) eV; the adsorption over an hcp site, however, is almost isoenergetic [− 3.42 (− 3.02) eV] ( Fig. 1; Table 2 ). Over an fcc site, CN is adsorbed at a vertical distance of 1.424 Å from the surface, and the C-N bond length is 1.193 Å ( Table 3 ). The calculated intramolecular and adsorbate-surface stretching modes are at 2053 and 291 cm −1 , respectively (Table 7) . CN prefers to diffuse between a pair of adjacent fcc and hcp sites through the bridge site in the middle with an estimated diffusion barrier of 0.13 90.09) eV (Table 4 ). The adsorption of CN causes small distortion of the Cu surface (Table 3) , which leads to a deformation energy of 0.03 (0.05) eV (Table 5) .
COH and Formyl (HCO)
Both the COH and HCO species prefer to bind through the carbon atom on the Cu(111) surface. The binding energies and optimal binding structures of COH and HCO are shown in Table 2 and Fig. 1 . COH binds the strongest on the fcc site with a binding energy of − 2.68 (− 2.11) eV; HCO prefers to bind to the top site [− 1.31 (− 0.82) eV], but the adsorption over a bridge site is almost isoenergetic [− 1.30 (− 0.77) eV]. When both COH and HCO are adsorbed at their preferred binding sites, HCO is 0.40 (0.47) eV more stable than COH. The detailed adsorption geometries at the preferred binding sites are summarized in Table 3 . COH sits 1.218 Å above the surface; the C-O and O-H bond lengths are 1.343 and 0.987 Å, respectively. HCO is adsorbed at a vertical distance of 1.833 Å from the surface; the C-H and C-O bond lengths are 1.117 and 1.247 Å, respectively. We calculated the surface vibrational modes of the two species at their optimal adsorption sites. The C-O and O-H stretching modes of COH are at 1251 and 3770 cm −1 , respectively; the C-H and C-O stretching modes of HCO are at 2836 and 1159 cm − 1 , respectively ( Table 8 ). The estimated diffusion barriers of COH and HCO are 0.32 (0.29) eV and 0.12 (0.14) eV, respectively. COH diffuses from its preferred fcc site through the adjacent bridge site to an hcp site; HCO diffuses from its preferred top site through the adjacent fcc site to a bridge site (Table 4) . Both COH and HCO cause mild surface deformation upon adsorption [0.04 (0.02) eV and 0.03 (0.05) eV] ( Table 5) .
Carboxyl (COOH) and Formate (HCOO)
The optimal binding structure of COOH is the top site, where the species binds through the carbon atom. The calculated binding energy is − 1.81 (− 1.20) eV. HCOO prefers to bind through both of the oxygen atoms; in its optimal binding structure, the molecular fragment sits on two adjacent top sites with a binding energy of − 2.73 (− 2.10) eV ( Fig. 1;  Table 2 ). Between the two isomers, HCOO is 0.65 [0.70] eV lower in energy than COOH when both are at their preferred binding sites. The exact adsorption geometries at the preferred binding sites are summarized in Table 3 . COOH is adsorbed at a vertical distance of 1.857 Å above the surface. Table 8 ). The estimated diffusion barriers of COOH and HCOO are 0.43 (0.37) eV and 0.54 (0.48) eV, respectively. Both species prefer to diffuse between adjacent top sites through a bridge site (Table 4) . Upon adsorption, COOH and HCOO both introduce mild vertical displacements to the adjacent surface atoms; the surface deformation energies are 0.04 (0.07) and 0.04 (0.08) eV, respectively.
Nitrosyl Hydrides (NOH and HNO)
Both NOH and HNO prefer to bind through the nitrogen atom on Cu(111). NOH binds the strongest on the fcc site with a binding energy of − 1.93 (− 1.28) eV; HNO binds the strongest on the bridge site with a binding energy of − 1.55 (− 0.89) eV ( Fig. 1; Table 2 ). In the optimal adsorption structures, HNO is slightly Table 8 ). The preferred diffusion path for NOH is between a pair of adjacent fcc and hcp sites through a bridge site. HNO prefers to diffuse between two adjacent bridge sites through a top site. The estimated diffusion barriers of NOH and HNO are 0.42 (0.38) and 0.26 (0.23) eV, respectively (Table 4 ). The adsorption events for both NOH and HNO pull the adjacent surface atoms upwards (by 0.018 and 0.014 Å, respectively) ( Table 3) , which leads to the same deformation energy value of 0.08 (0.10) eV.
Thermochemistry of Surface Reactions
In this section, we utilize the PW91 energetics of each atom, molecule, and molecular fragment to construct the thermodynamic potential energy surfaces of a few common decomposition reactions over Cu(111). The results are illustrated in Figs. 3, 4 , and 5 and will be discussed in detail. The kinetic barriers of these reactions are beyond the scope of this study.
Direct Decomposition of CO, CO 2 , NO, N 2 , NH 3 and CH 4
Figure 3 summarizes the thermochemistry of the direct decomposition of CO, CO 2 , NO, and N 2 on Cu(111). Only the direct decomposition of NO is thermodynamically favorable; the other three decomposition reactions are highly endothermic. The direct dissociation of CO starts with the adsorption of gas-phase CO, which is exothermic by − 0.91 eV; the dissociation of adsorbed CO* to atomic C* and O* on the surface is endothermic by 3.10 eV, thus making the overall reaction energy 2.19 eV. During the dissociation of CO 2 , the removal of the first O atom is endothermic by 0.95 eV. The complete decomposition of CO 2 is mostly hindered by the subsequent dissociation step of adsorbed CO*, and the overall reaction has a reaction energy of 4.05 eV. The direct dissociation of NO to surface N* and O* is exothermic by 0.89 eV. After the adsorption of gas-phase NO (exothermic by 1.06 eV), the dissociation of adsorbed NO* to N* and O* is mildly endothermic by 0.17 eV. The calculated reaction energy of the dissociation of gas-phase N 2 to N* atoms on the surface is 2.99 eV. The results presented in Fig. 3 indicate that the activation of CO, Fig. 3 Thermochemistry of the direct decomposition of CO (black lines), CO 2 (red lines), NO (blue lines), and N 2 (purple lines). The reference zero corresponds to the energy of the isolated species in gas-phase and the energy of the clean Cu(111) slab at infinite separation. Energies are calculated using the PW91 functional, and each number indicates the reaction energy of the respective elementary step. Gas-phase species are indicated with (g), and adsorbed species are indicated with asterisk. The energies of states with multiple adsorbed species are calculated by assuming that all the adsorbates are at infinite separation from each other Fig. 4 Thermochemistry of the direct decomposition of NH 3 (black lines) and CH 4 (red lines). The reference zero corresponds to the energy of the isolated species in gas-phase and the energy of the clean Cu(111) slab at infinite separation. Energies are calculated using the PW91 functional, and each number indicates the reaction energy of the respective elementary step. Gas-phase species are indicated with (g), and adsorbed species are indicated with asterisk. The energies of states with multiple adsorbed species are calculated by assuming that all the adsorbates are at infinite separation from each other Fig. 5 Thermochemistry of the hydrogen-assisted decomposition of CO (black lines), CO 2 (red lines), and NO (blue lines). The reference zero corresponds to the energy of the isolated species in gas-phase and the energy of the clean Cu(111) slab at infinite separation. Energies are calculated using the PW91 functional, and each number indicates the reaction energy of the respective elementary step. Gas-phase species are indicated with (g), and adsorbed species are indicated with asterisk. The energies of states with multiple adsorbed species are calculated by assuming that all the adsorbates are at infinite separation from each other CO 2 , or N 2 through a direct mechanism is not feasible on Cu(111). Figure 4 shows the thermochemistry of the direct decomposition of NH 3 and CH 4 on Cu(111). The decomposition of NH 3 begins with the adsorption of gas-phase NH 3 , which is exothermic by 0.37 eV. After the adsorption step, the first two H removal steps are endothermic (0.52 and 0.57 eV, respectively). The last H removal step (dissociation of NH* to form N* and H*) is the most difficult one with a reaction energy of 1.36 eV. The complete dissociation of NH 3 has an overall reaction energy of 2.08 eV. For the decomposition of CH 4 , the first two H removal steps also have similar reaction energies (0.95 and 0.87 eV, respectively). The third H removal step (CH 2 * → CH* + H*) is the least demanding thermodynamically with an endothermicity of 0.55 eV. The last H removal step (CH* → C* + H*) is the most demanding thermodynamically with an endothermicity of 1.45 eV. The overall reaction is endothermic by 3.82 eV. Figure 4 suggests that the complete decomposition reactions of NH 3 and CH 4 to form atomic fragments on Cu(111) are both energetically challenging, mostly due to the highly unfavorable thermochemistry of the final H removal steps.
Hydrogen-Assisted Decomposition of CO, CO 2 and NO
Here, we discuss the effect of including hydrogenassisted pathways on the decomposition thermochemistry of CO, CO 2 and NO. We studied two hydrogenassisted CO decomposition pathways (HCO Pathway: CO + ½H 2 → HCO* → CH* + O*; and COH Pathway: CO + ½H 2 → COH* → C* + OH*), two hydrogenassisted CO 2 decomposition pathways (COOH Pathway: CO 2 + ½H 2 → COOH* → CO* + OH*; and HCOO Pathway: CO 2 + ½H 2 → HCOO* → HCO* + O*), and two hydrogen-assisted NO decomposition pathways (HNO Pathway: NO + ½H 2 → HNO* → NH* + O*; and NOH Pathway: NO + ½H 2 → NOH* → N* + OH*). The results are summarized in Fig. 5 .
The hydrogen-assisted decomposition of CO (Fig. 5 , black lines) initiates with the adsorption of CO and the dissociative adsorption of H 2 , both exothermic by 0.91 and 0.17 eV, respectively. The adsorbed species (CO* and H*) can combine and form either HCO* or COH*. Not only is the formation of HCO* (endothermic by 0.73 eV) more thermodynamically favorable than that of COH* (endothermic by 0.92 eV), but the dissociation of HCO* to form CH* and O* (endothermic by 0.92 eV) is also more favorable than that of COH* to form C* and OH* (endothermic by 1.31 eV). The overall reaction energy of the hydrogenassisted decomposition of CO on Cu(111) through the HCO pathway is 0.57 eV, significantly more favorable than the direct dissociation of CO (reaction energy = 2.19 eV).
We then discuss the hydrogen-assisted decomposition mechanisms of CO 2 on Cu(111) (Fig. 5, red lines) . Here, we focus on the removal of the first O atom, as the subsequent dissociation step of CO* has been discussed earlier in this section. After the dissociative adsorption of H 2 (exothermic by 0.17 eV), either COOH* or HCOO* species can be formed. Although the formation of HCOO* is exothermic by 0.36 eV, the subsequent dissociation step to form O* and HCO* is highly unfavorable with an endothermicity of 2.05 eV. On the other hand, the formation of COOH* from CO* + H* is mildly endothermic by 0.29 eV, and the subsequent dissociation step of COOH* to form CO* and OH* is thermoneutral. Therefore, the COOH pathway is much more thermodynamically favorable than the HCOO pathway. The overall reaction energy for the hydrogen-assisted removal of the first O from CO 2 through the COOH pathway is 0.13 eV, which is significantly less endothermic than the direct oxygen removal from CO 2 (endothermic by 0.95 eV).
Lastly, for the hydrogen-assisted decomposition of NO (Fig. 5, blue lines) , the reaction initiates with the adsorption of NO (exothermic by 1.06 eV) and H 2 (exothermic by 0.17 eV). After adsorbed NO* and H* are formed, they can react with each other and form either HNO* or NOH*. Both steps are only slightly endothermic (0.03 and 0.12 eV for HNO and NOH formation, respectively). The dissociation steps of both HNO* (producing NH* and O*) and NOH* (producing N* and OH*) are exothermic; the HNO* dissociation step is 0.61 eV more thermodynamically driven than the NOH* dissociation step. Rigorous calculations of the kinetic barriers will be required to differentiate between these two pathways. Nonetheless, both hydrogen-assisted decomposition pathways of NO are more thermodynamically favorable than the direct decomposition of NO discussed in the previous section.
Conclusions
Periodic, self-consistent DFT calculations have been performed to study the adsorption behavior of five atomic species (H, C, N, O, and S), seven molecular species (NH 3 , CH 4 , N 2 , CO, HCN, NO, and HCOOH), and 13 molecular fragments (CH, CH 2 , CH 3 , NH, NH 2 , OH, CN, COH, HCO, COOH, HCOO, NOH, and HNO) on the Cu(111) surface at a coverage of 0.25 monolayer. We studied the preferred binding site, binding energy, and corresponding surface deformation energy for each species, as well as the estimated diffusion barrier and diffusion pathway. The binding strengths calculated using the PW91 functional decreased in the following order: CH > C > O > S > CN > NH > N > C H 2 > OH > HCOO > COH > H > NH 2 > NOH > COOH > H NO > HCO > CH 3 > NO > CO > NH 3 > HCOOH, while no stable binding structures were observed for N 2 , HCN, and 1 3 CH 4 . The adsorbate-surface and intramolecular vibrational modes for all the adsorbates at their preferred binding sites were also identified. We compared our DFT results with the experimental literature values wherever available and generally observed good agreement. The PW91 binding energy values are typically closer to the experimentally determined values than the RPBE ones.
In addition, we studied the thermochemistry of the direct decomposition reactions of CO, NO, N 2 , NH 3 , and CH 4 , and that of the hydrogen-assisted decomposition reactions for CO, CO 2 , and NO on Cu(111). The reaction energies for all the elementary steps involved were evaluated using the calculated adsorption energetics, and potential energy surfaces were constructed for each reaction. The results indicate that except NO, the direct decomposition mechanism of all the other species are all highly endothermic and thus are not likely feasible on Cu(111). The hydrogen-assisted pathways, however, significantly alter the reaction thermochemistry and make the overall processes much more favorable thermodynamically. If the decomposition of CO, CO 2 , and NO were to occur on the Cu(111) surface, they would likely proceed through hydrogen-assisted pathways.
